A previous analysis of naturally occurring defective interfering (DI) RNA genomes of the prototypic paramyxovirus simian virus 5 (SV5) indicated that 113 bases at the 3 terminus of the antigenome were sufficient to direct RNA encapsidation and replication. A nucleotide sequence alignment of the antigenomic 3-terminal 113 bases of members of the Rubulavirus genus of the Paramyxoviridae family identified two regions of sequence identity: bases 1 to 19 at the 3 terminus (conserved region I [CRI]) and a more distal region consisting of antigenome bases 73 to 90 (CRII) that was contained within the 3 coding region of the L protein gene. To determine whether these regions of the antigenome were essential for SV5 RNA replication, a reverse genetics system was used to analyze the replication of copyback DI RNA analogs that contained a foreign gene (GL, encoding green fluorescence protein) flanked by 113 5-terminal bases and various amounts of SV5 3-terminal antigenomic sequences. Results from a deletion analysis showed that efficient encapsidation and replication of SV5-GL DI RNA analogs occurred when the 90 3-terminal bases of the SV5 antigenomic RNA were retained, but replication was reduced ϳ5-to 14-fold in the case of truncated antigenomes that lacked the 3-end CRII sequences. A chimeric copyback DI RNA containing the 3-terminal 98 bases including the CRI and CRII sequences from the human parainfluenza virus type 2 (HPIV2) antigenome in place of the corresponding SV5 sequences was efficiently replicated by SV5 cDNA-derived components. However, replication was reduced ϳ20-fold for a truncated SV5-HPIV2 chimeric RNA that lacked the HPIV2 CRII sequences between antigenome bases 72 and 90. Progressive deletions of 6 to 18 bases in the region located between the SV5 antigenomic CRI and CRII segments (3-end nucleotides 21 to 38) resulted in a ϳ25-fold decrease in SV5-GL RNA synthesis. Surprisingly, replication was restored to wild-type levels when these length alterations between CRI and CRII were corrected by replacing the deleted bases with nonviral sequences. Together, these data suggest that a functional SV5 antigenomic promoter requires proper spacing between an essential internal region and the 3 terminus. A model is presented for the structure of the 3 end of the SV5 antigenome which proposes that positioning of CRI and CRII along the same face of the helical nucleocapsid is an essential feature of a functional antigenomic promoter.
The paramyxoviruses are a diverse family of nonsegmented negative-sense RNA viruses that includes Sendai virus (SeV), measles virus (MeV), and respiratory syncytial virus (RSV). Simian virus 5 (SV5) is a prototype of the Rubulavirus genus of the Paramyxoviridae family, which includes mumps virus (MuV), SV41, and human parainfluenza virus type 2 (HPIV2). The ϳ15-kb paramyxovirus genomic and antigenomic RNAs are tightly bound by the viral nucleocapsid protein (NP) to form nucleocapsid (NC) structures, and it is these ribonucleoprotein complexes that serve as the only templates for viral RNA synthesis. The viral phosphoprotein (P) and the large protein (L) together form the viral RNA-dependent RNA polymerase which is responsible for both transcription to produce mRNAs and replication to produce negative-sense genomes and positive-sense antigenomes (18, 20, 24) . For the nonsegmented negative-sense RNA viruses, RNA synthesis initiates from promoters located at the 3Ј ends of both the genomic and antigenomic RNAs, but understanding of critical features of the viral template that control the level and particular type of RNA synthesized by the viral polymerase is incomplete.
Two factors that can influence the level of RNA synthesized from the paramyxovirus antigenomic promoter have been described: the total number of nucleotides in the viral RNA and the primary nucleotide sequence at the termini of the viral RNA. The length of a paramyxovirus RNA can be a major factor that determines the level of RNA replication, with genome replication being most efficient when the total number of nucleotides is an even multiple of six (6) . The rule of six is thought to reflect critical interactions between the viral polymerase and 3Ј-terminal promoter sequences, with initiation of RNA replication being most efficient when the last six bases of the 3Ј-end promoter are bound completely by a single NP (6, 35) . The degree to which replication of a particular paramyxovirus genome adheres to the rule of six differs among viruses. For SeV, the rule of six is an apparent strict requisite (6) , while RSV shows no particular replicative advantage for genomes having any of the integer lengths tested (41) . SV5 is unique in this regard, since the stringency of the rule of six for SV5 defective interfering (DI) RNA replication is intermediate between that found previously for SeV and RSV (26) .
A second major factor in paramyxovirus RNA replication is the primary sequence at the 3Ј and 5Ј termini of the viral RNA, as shown previously by mutagenesis studies (44) and by the structure of paramyxovirus DI RNAs. These subgenomic RNAs contain various segments from the standard nondefective viral genome that are characteristic of an individual DI RNA. However, all naturally occurring DI genomes that are competent for replication retain either the genomic 3Ј and 5Ј ends in the case of internal deletion of DI RNAs or the genomic 5Ј end and its complement for copyback DI RNAs (reviewed in reference 36). The nucleotide sequence in the leader (le) RNA at the 3Ј terminus of the genome and in the antitrailer (trЈ) RNA at the 3Ј terminus of the antigenome have been proposed to be primary determinants of the efficiency of paramyxovirus replication to produce antigenomes and genomes, respectively (7, 44) . The levels of RNA synthesized from these two viral promoters are reported to differ significantly (7, 22, 44, 46) , but the basis for these differences in promoter activity and important features of the 3Ј-terminal regions is not completely understood.
The work reported here provides evidence for a third factor that can dramatically influence the level of RNA synthesized from the paramyxovirus antigenomic promoter. We have used a reverse genetics system to analyze features of the 3Ј-terminal region of the SV5 antigenome that are important for directing RNA replication. The results indicate that a functional SV5 antigenomic promoter requires two discontinuous regions (CRI and CRII) that are located in the 3Ј-terminal 90 bases of the antigenomic RNA. Most importantly, the relative spacing of these two cis-acting regions is a critical factor in determining the level of SV5 RNA replication. Therefore, the overall number of nucleotides in a viral RNA, the primary nucleotide sequence at the termini, and proper spacing of promoter elements are three features of the viral RNA template that can significantly influence paramyxovirus RNA synthesis. We present a model for the structure of the 3Ј end of the SV5 antigenome which proposes that positioning of CRI and CRII along the same face of the helical nucleocapsid is an essential feature of a functional antigenomic promoter.
MATERIALS AND METHODS

Cells and viruses.
Monolayer cultures of A549 cells were grown and infected with virus as previously described (26) . Vaccinia virus vTF7.3 (14) was grown and titered in CV1 cells.
Nomenclature. DNA plasmids encoded antigenomic RNAs flanked on the 3Ј and 5Ј ends by the hepatitis delta virus (HDV) ribozyme and the T7 RNA polymerase (T7 pol) promoter, respectively (26, 32, 34) . Plasmids encoding SV5 DI RNA analogs are named to denote three portions of the antigenome: the 5Ј end (proximal to the T7 promoter), the internal segment flanked by complementary termini, and the 3Ј end (proximal to HDV ribozyme). Thus, the 113-GL-59 antigenomic RNA contains 113 SV5-specific 5Ј-terminal nucleotides linked to the Green Lantern (GL; Gibco BRL) open reading frame followed by 59 SV5-specific 3Ј-terminal nucleotides. Likewise, the DI-SSP antigenomic RNA contains SV5 sequences at the 5Ј end (S) and internal position (S), linked to HPIV2-specific 3Ј antigenomic RNA sequences (P).
Construction of plasmids encoding the SV5 antigenomes. All viral genomes were designed to maintain an overall 6N length. PCR was carried out as described previously (30) , using Pwo polymerase (Boehringer Mannheim, Indianapolis, Ind.) along with oligonucleotides listed in Table 1 . The sequences of all PCR-derived DNA segments were confirmed by nucleotide sequence analysis (1) . The cDNAs encoding copyback genomes DI852 and DI499ϩ5 (DI504) have been described previously (26) . To construct deletion mutant DI462, the 5Ј antigenomic region of terminal complementarity in pDI852 was amplified in a PCR along with the 462 primer (Table 1 ) and a primer specific for the T7 promoter sequence in pDI852 (Fig. 1A) . The resulting product was digested with EcoRI and cloned into the PvuII and EcoRI sites of pGem3term (a pGem3 plasmid previously modified to contain the T7 terminator sequence downstream from the SP6 promoter [26] . The EcoRI-SphI fragment encoding the 3Ј antigenomic end of pDI852 (see Fig. 1 for schematic) was then inserted into the corresponding sites of the subclone to yield pDI462.
Copyback DI RNA analogs containing a foreign gene were constructed by linking DNA fragments from independent PCRs such that a minus-sense copy of the GL open reading frame was inserted between various amounts of SV5-specific 5Ј and 3Ј termini. For the purposes of nomenclature, the primary T7 transcripts generated from this series of constructs are designated antigenomes and have the SV5 termini in the antigenomic sense flanking the GL segment. To generate cDNAs encoding DI genomes with various amounts of the SV5 termini, we used a three-step cloning procedure that involved the use of primers (P113, P90, P72, P59, and P31 [ Table 1 ]) capable of annealing to opposite strands of both termini of pDI852. However, specific amplification of a single terminus occurs when these primers are used in conjunction with either the SP6 or T7 primer. First, the P113 and P59 primers were used with the T7 primer on the pDI852 template to generate DNA products encoding the antigenomic 113 or 59 SV5 5Ј-terminal nucleotides. The PCR products resulting from amplification with the T7-P113 and T7-P59 primer combinations were digested with BamHI and cloned into the PvuII and BamHI sites of pGem3term to yield pGem3-113 and pGem3-59. In the second step, the GL open reading frame contained in the pGreen Lantern-1 DNA template (Gibco BRL) was amplified in a PCR with oligonucleotides GL-ATG and GL-TGA. The resulting GL-specific product was cloned into the EcoRI and StuI sites of pGem3-113 and pGem3-59 to give pGem3-113-GL and pGem3-59-GL, respectively. In the third step, which generated the 3Ј antigenomic termini of the new constructs, plasmid pDI852 was used as the template in a PCR with primer P113, P90, P72, P59, or P31 and a primer specific for the SP6 promoter, which is located between the SphI site and T7 terminator sequence of pDI852 (Fig. 1A) . The StuI-SphI fragments resulting from PCRs using the SP6-P113, -P90, -P72, -P59, and -P31 primer combinations were then ligated into the corresponding sites of pGem3-113-GL to generate the full-length constructs pDI113-GL-113, -90, -72, -59, and -31. Similarly, the StuISphI fragment from the P113-SP6 PCR was ligated into the corresponding sites of pGem3-59-GL to produce pDI59-GL-113. Nucleotide replacements, insertions, or deletions were engineered into SV5 3Ј antigenomic segments by using oligonucleotide-directed mutagenesis as previously described (30) . Plasmid pDI852 had been previously modified by using the TrЈBam and SP6 primers to contain a BamHI site (5Ј-GGATCC) in place of bases 39 to 44 from the 3Ј end of the antigenomic RNA. pDI852 containing the BamHI site was used as the template in a PCR with the SP6 and P90 primers. The products were digested with StuI and SphI and cloned into the corresponding sites of pDI113-GL-90 to generate pDI113-GL-90B (see Fig. 7A ). pDI113-GL-90B was used in the generation of the length-altered and nucleotide replacement mutants.
The pDI113-GL-90B⌬6, -90B⌬12, -90B⌬18, -90BRe12, -90BRe18, -90Bϩ6, or -90Bϩ12 antigenome contained a deletion of 6, 12, or 18 nucleotides (antigenomic bases 33 to 38, 27 to 38, or 21 to 38), a replacement of 12 or 18 nucleotides (antigenomic bases 27 to 38 or 21 to 38), or an insertion of 6 or 12 nucleotides between antigenomic bases 38 and 39, respectively. These altered SV5 antigenomic 3Ј segments were prepared by using pDI113-GL-90B as the template in a PCR along with the SP6 primer and primer TrЈdel6, TrЈdel12, TrЈdel18, TrЈre12, TrЈre18, TrЈins6, or TrЈins12. The products were digested with BamHI and SphI and cloned into the corresponding sites of pDI113-GL-90B to generate the full-length constructs. The pDI113-GL-90Re25 construct contained a replacement of 25 nucleotides at antigenomic bases 14 to 38. The TrЈre25 primer was used with the SP6 primer in a PCR on template pDI113-GL-90B, and this PCR product was used as a megaprimer (30) in a second PCR for five cycles along with primer GL-1 on template pDI113-GL-90BRe18 (described above). These DNAs were then amplified in a third PCR with the SP6 and GL-1 primers. The resulting products were digested with StuI and SphI and cloned into the corresponding sites of pDI113-GL-90.
To construct chimeric SV5-HPIV2 copyback DI antigenomes, a BamHI fragment encoding the 3Ј end of the HPIV2 antigenome (L protein base 5929 to the 3Ј terminus [19] ) was excised from pBSIISK-HPIV2Lpro (19) and subcloned into the BamHI site of pGem3 to yield pG3-P2L. To construct pDI-PSS, a new T7 pol promoter was fused to the HPIV2 5Ј terminus in a PCR using pG3-P2L as the template along with the HPIV2T7 and T7 primers. The PCR product was digested with Asp718 and EcoRV and ligated into the corresponding sites of pDI852 before linking with the SspI to SphI fragment encoding the SV5 3Ј-terminal antigenomic sequences and HDV ribozyme described previously (26) . Plasmid pDI-PSS contained (5Ј to 3Ј) the T7 pol promoter, HPIV2 5Ј genomic sequence from positions 1 to 98, a three-base linker, SV5 L gene sequences from bases 6121 to 6859 (31) , including the trЈ, and the self-cleaving HDV ribozyme. To construct pDI-SSP, pDI852 was used as the template in a PCR along with HPIV2ribo and SP6 primers. The PCR product then served as a megaprimer (30) along with the T7 primer in a PCR using pG3-P2L as the template. The product DNA was digested with EcoRV and SphI and ligated into the corresponding sites of pDI852, before linking with the SspI-to-EcoRV fragment that encodes the SV5 5Ј-terminal sequences from the wild-type (WT) DI852 genome (26) . Plasmid pDI-SSP contained (5Ј to 3Ј) the T7 polymerase promoter, SV5 DI852-specific sequences up to base 6752 of the L protein gene (26) , the 98 3Ј-terminal bases from the HPIV2 antigenomic RNA including the trЈ, and the self-cleaving HDV ribozyme. To generate a chimeric DI RNA in which HPIV2-specific CRII had been deleted, pDI-SSP was used as template in a PCR along with the HPIV2del and SP6 primers. The DNA fragment was digested with EcoRV and SphI and reconstructed into pDI852 as described above to yield pDI-SSPt. This plasmid differs from the parental pDI-SSP by containing a threebase linker separating the 3Ј-terminal 71 bases of the HPIV2 antigenomic RNA from SV5 sequences.
Analysis of in vivo DI RNA replication from cDNA-derived components. A549 cells in 3.5-cm-diameter dishes were infected (multiplicity of infection of ϳ5) for 1 h with vTF7.3 (14) and then cotransfected with DNA encoding the SV5 antigenomes (1.0 g) along with pGem3-L (2.0 g), pGem2-P (0.2 g), and pUC19-NP (2.0 g) as described previously (26), using a cationic liposome reagent (40) . pGem control plasmid was used to normalize for the amount of transfected DNA. Total intracellular RNA (ϳ20 g) was harvested at ϳ40 to 48 h posttransfection and analyzed by Northern blot analysis as previously described (26) .
A positive-sense 32 P-labeled riboprobe corresponding to bases 6121 to 6752 of the SV5 L protein gene was generated from plasmid pGEM5-SspI for use in analyzing replication of DI852-derived antigenomes (26) . For analyzing replication of DI RNAs carrying the GL sequence, the DNA fragment derived from a PCR with primers GL-ATG and GL-TGA and the pGreen Lantern-1 template described above was digested with EcoRI and StuI and cloned into the corresponding sites of pGem2 (Promega, Madison, Wis.) to generate pGem2-GL. A 219-base riboprobe of antisense polarity (which is of the same polarity as the GL sequence contained in the T7 primary transcripts of the SV5-GL RNAs) was generated from BamHI-linearized pGem2-GL by SP6 RNA polymerase in the presence of [ 32 P]CTP. For detecting primary T7 pol-derived RNA transcripts, a positive-sense 782-base 32 P-labeled riboprobe was generated by using T7 pol from the same template that was linearized with EcoRI. Membranes were hybridized with purified riboprobes (ϳ10 6 cpm) in ExpressHyb (Clontech, Palo Alto, Calif.) for 1 h at 68°C. After washing (15 min each in 2 ϫ SSC (1 ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate [SDS], 0.2 ϫ SSC-0.1% SDS, and 0.1 ϫ SSC-0.1% SDS), the membrane was exposed at Ϫ70°C to radiographic film. Quantitation of RNA replication products was performed with the AMBIS 4000 image acquisition system and software (AMBIS, San Diego, Calif.), with values reported in the figures representing the means from at least three independent experiments Ϯ standard deviations (SD). For analysis of RNAs from CsCl gradients, duplicate 3.5-cm-diameter dishes of vTF7.3-infected A549 cells were transfected as described above. At 40 h posttransfection, cell lysates were prepared in 0.5 ml of NTE buffer (0.15 M NaCl, 50 mM Tris [pH 7.4], 10 mM EDTA) containing 0.5% Nonidet P-40 and clarified by centrifugation (5 min, 14,000 ϫ g), and 400 l of the resulting supernatant was layered onto preformed 20 to 40% (wt/wt, in NTE) CsCl gradients. After centrifugation (4 h, 45,000 rpm, 12°C, SW50.1 rotor), samples from the 30% CsCl fraction were collected (10), diluted with NTE, pelleted (6 h, 35,000 rpm, SW41 rotor), and analyzed by Northern blotting as described above.
RESULTS
Sequences located internal to the 113-nucleotide termini of naturally occurring SV5 DI RNAs are not required for replication in vivo. DI852 is an 852-base copyback DI RNA that was generated during serial undiluted passage of SV5 in tissue culture (26) . As shown in Fig. 1A , the DI852 antigenome contains a 113-base 5Ј region of terminal complementarity linked to 708 bases from the L protein gene and the 31-base 3Ј trЈ. DI499 is identical to DI852 with the exception of a 353-base deletion of sequences internal to the 113-base region of terminal complementarity. A five-base insertion into DI499 created a 6N-length antigenome (DI499 ϩ 5 or DI504 [ Fig. 1A] ) and enhanced replication ϳ10-fold (26) . This previous result suggested that the 353-base internal deletion in DI499 had not removed a cis-acting sequence that was essential for RNA replication. To determine if the remaining internal sequences in common between DI852 and DI504 are required for SV5 RNA replication, this region was deleted to create pDI462, which encoded an antigenomic RNA with a 390-base deletion (Fig.  1A) . DNA segments encoding the full-length DI852 or internally deleted DI499 and DI462 RNAs were inserted between the promoter for T7 pol and the self-cleaving HDV ribozyme (Fig. 1A, T7p and HDV, respectively) such that transcription from the T7 pol promoter would generate a positive-sense antigenomic RNA containing three additional 5Ј guanosine (G) residues and an exact 3Ј end due to ribozyme self-cleavage (32, 34, 37) .
To determine the relative levels of replication for these SV5 DI RNAs, monolayers of A549 cells were first infected with vTF7.3 (14) , a recombinant vaccinia virus that expresses the bacteriophage T7 pol. These infected cells were then cotransfected with plasmids encoding the L, P, and NP proteins along with one of the SV5 antigenomic RNAs, each of which was under control of the T7 pol promoter. Northern blot analysis of total intracellular RNA with a positive-sense riboprobe was used to monitor conversion of the positive-sense antigenome synthesized by T7 pol to the negative-sense complementary strand by the SV5 polymerase. As shown in Fig. 1B , RNA from cells cotransfected with the L, P, and NP plasmids and the copyback DI852 antigenome contained a major ϳ0.9-kb RNA species that was complementary to the T7 pol-derived RNA transcript, and this RNA was not detected when plasmids encoding L, P, or NP protein were omitted (not shown, but see below). In addition to the ϳ0.9-kb DI852 replication product, low levels of a ϳ1.8-kb RNA species of unknown origin were detected. The levels of replication for both of the internal deletion mutants were similar to that seen with the WT DI852 (Fig. 1A, 62 and 72% for DI504 and DI462, respectively). These data support the contention that sequences internal to the 3Ј-and 5Ј-terminal 113 bases of DI852 are not required for SV5 antigenome replication.
Identification of two regions of sequence identity in the 3-terminal sequences of the Rubulavirus antigenomic RNA. The foregoing results indicated that 113 bases at the 3Ј terminus of the SV5 antigenome contain all of the signals necessary for RNA encapsidation and replication. To determine if sequences contained in these 3Ј-terminal 113 bases were conserved among other members of the Rubulavirus genus of the Paramyxoviridae family, the 3Ј ends of the SV5, HPIV2, SV41, and MuV antigenomes were compared. As shown in Fig. 2 , the nucleotide sequence alignment identified two regions of sequence identity: bases 1 to 19 at the 3Ј terminus of the antigenome (CRI) and a more distal region consisting of antigenome bases 73 to 90 (CRII) that was contained within the 3Ј coding region of the L protein gene. Sequence identity in CRII did not solely reflect conservation due to coding of L protein amino acids, since the corresponding 90-to 72-base region from the MuV antigenome is located in the 3Ј noncoding segment of the L gene (28) . Likewise, when the 3Ј ends of the SV5 antigenomic (L-trЈ region) and genomic (le-NP region) RNAs were aligned (Fig. 2, SV5 le sequence), significant sequence identity was found in CRI (16 of 19 bases) and CRII (11 of 18 bases). Thus, CRI and CRII show sequence identity among rubulaviruses and are located at the 3Ј termini of both the SV5 genomic and antigenomic RNAs.
Efficient replication of copyback DI analogs containing 90 bases from the 3 terminus of the SV5 antigenome. To determine if the 113-nucleotide complementary regions of DI852 containing CRI and CRII were capable of directing the encapsidation and replication of a foreign reporter sequence, we constructed a plasmid (pDI113-GL-113) such that a negativesense copy of the GL open reading frame was flanked on the 5Ј and 3Ј ends by the 113-nucleotide terminal complementary regions derived from DI852 (Fig. 3A) . Plasmid DNA encoding the 113-GL-113 DI RNA (designated an antigenome) was cotransfected along with the L, P, and NP plasmids into vTF7.3-infected A549 cells. Total intracellular RNA was analyzed by Northern blotting with a negative-sense riboprobe specific for the GL sequences contained within the replication product of the SV5-GL DI RNA analog. As shown in Fig. 3B , RNA from cells transfected with this combination of plasmids contained a ϳ990-base RNA that hybridized to the negative-sense GL ri- boprobe (arrow, lane 1), and this RNA species was not detected in control samples from transfected cells in which the L, P, and NP plasmids had been omitted (Fig. 3B, lanes 2 to 4,  respectively) . As noted previously (26), a faster-migrating GLspecific species was detected in RNA from cells in which the NP plasmid had been omitted from the transfection (lane 4), but the origin of this RNA is not known.
To determine the minimum continuous 3Ј-terminal antigenomic sequences that were sufficient for replication of the SV5-GL DI RNA analog, progressive 5Ј-to-3Ј deletions were engineered into pDI113-GL-113 to create antigenomes that contained at their 3Ј ends the terminal 90, 72, 59, or 31 bases from the SV5 antigenome (Fig. 3A) . When analyzed in the DI replication assay outlined above, an SV5-GL antigenome containing 90 3Ј-terminal bases replicated to levels that were equivalent to or greater than that of the DI113-GL-113 RNA (Fig. 3C, lane 2 ; quantitation in Fig. 3A) . By contrast, the replication of SV5-GL antigenomes with 72 or 59 bases of viral 3Ј-terminal sequences was reduced to ϳ18% of WT levels (lanes 3 and 4). Further truncation of the 3Ј SV5 sequences to the 31-base trЈ region produced an SV5-GL antigenome that was replicated to only ϳ7% of WT levels. Together, these data suggest that segments of the SV5 antigenome located between bases 90 and 72 and perhaps 59 and 31 are important for RNA replication. In the case of the SV5-GL antigenomes containing 72 and 59 SV5 3Ј-terminal bases, distinct RNAs of unknown origin that were smaller than the full-length DI RNA analog were synthesized.
During replication, paramyxovirus RNA synthesis is tightly coupled to encapsidation of the nascent RNA chain by the viral NP protein (reviewed in reference 20). To determine if RNA synthesized from the SV5-GL DI RNA analogs was encapsidated into NC-like structures, vTF7.3-infected A549 cells were transfected with DNA encoding either the DI113-GL-113, -90, or -59 antigenome, along with the L, P, and NP plasmids. Cell lysates were then fractionated by centrifugation on 20 to 40% CsCl gradients. Samples from the 30% CsCl fraction of the gradient were collected and analyzed by Northern blotting with the same GL-specific riboprobe as described above. As shown in Fig. 4 , positive-sense GL-specific RNA was recovered from the 30% CsCl fraction of the gradient in the case of the DI113-GL-90 and DI113-GL-113 antigenomes (lanes 1 and 3) . GLspecific genome-length RNAs were not detected in the case of DI113-GL-59 (lane 4) or control samples in which the plasmid encoding the SV5 L protein was omitted from the transfected DNA (lane 2). Less-than-genome-length positive-sense GLspecific RNAs were recovered from the DI113-GL-59 CsCl gradient (Fig. 4, lane 4) , suggesting that the small RNA species detected previously in samples of total intracellular RNA ( were cotransfected with plasmids encoding the SV5 L, P, and NP proteins along with plasmids encoding the SV5 DI113-GL-113 genome analog. Total intracellular RNA was harvested and analyzed by Northern blotting using a 32 P-labeled negative-sense GL-specific riboprobe of the same polarity as the T7 pol-derived transcript (lane 1). Lanes 2 to 4 represent the replication products generated in cells in which the indicated support plasmids were replaced with pGem control DNA. The arrow indicates the position of full-length replication products. (C) Efficient replication of SV5-GL DI RNA analogs requires viral sequences between antigenomic bases 90 and 72. vTF7.3-infected A549 cells were transfected with plasmids encoding L, P, NP, and the WT SV5-GL DI RNA analog (lane 1) or RNAs that were altered such that they retained 90, 72, 59, or 31 SV5-specific bases at the antigenomic 3Ј terminus (lanes 2 to 5, respectively). Replication products were analyzed by Northern blotting as described above.
FIG. 4.
Replication products from the SV5-GL DI RNA analogs have characteristics of viral nucleocapsids. A549 cells infected with vTF7.3 were cotransfected with plasmids encoding the SV5 L, P, and NP plasmids along with the SV5-GL DI RNA analogs containing the indicated lengths of SV5-specific 3Ј-terminal bases. Cell lysates were prepared and analyzed by CsCl density gradient centrifugation. Samples from the 30% CsCl fraction were collected and analyzed by Northern blotting as described in the legend to Fig. 3 . The arrow indicates the position of full-length replication products. Lane 2 represents a sample analyzed in parallel from cells in which the L protein plasmid had been replaced by pGem control plasmid during the transfection.
that have characteristics of bona fide NCs. However, the deletion of a segment containing CRII sequences significantly reduces SV5 RNA replication.
Encapsidation of replication-defective SV5-GL antigenomes that contain truncated terminal regions. In the foregoing assay for in vivo DI replication, RNA antigenomes synthesized by T7 pol transcription of plasmid DNA must be encapsidated by the viral NP before functioning as a template for replication by the viral polymerase (32, 34) . Therefore, a possible explanation for the low replication levels associated with the 3Ј-terminally truncated SV5-GL antigenomes is that they are defective in NP-mediated encapsidation of the primary T7 pol-derived RNA. To examine this possibility, duplicate dishes of vTF7.3-infected cells were transfected with the P and NP plasmids along with DNA encoding the 113-GL-113, 113-GL-59, or 59-GL-113 antigenome. One set of dishes received the L protein plasmid, while the other received pGem control DNA. In the absence of L protein, it was anticipated that encapsidated antigenomic RNAs would be derived exclusively from T7 polderived transcripts, while in the presence of L protein, these encapsidated RNAs would also include replication products generated by the SV5 polymerase. Cell lysates were prepared and analyzed by CsCl gradient centrifugation. Samples from the 30% CsCl fraction of the gradient were analyzed by Northern blotting with a positive-sense riboprobe complementary to the negative-sense GL sequences in the T7 pol-derived RNA.
In the absence of transfected L protein plasmid, the amount of T7 pol-derived RNA recovered from CsCl gradients did not differ significantly between the various SV5-GL antigenomes (Fig. 5, genome RNA species, lanes 2, 4, and 6) . A slightly larger GL-specific RNA was also detected in these samples (Fig. 5, arrowhead) , and the size of this RNA is consistent with it being a T7 pol-derived antigenome containing uncleaved 3Ј-terminal HDV ribozyme sequences as described previously for RSV minigenome analogs (16) . In the presence of transfected L protein plasmid, the amount of genome-size 113-GL-113 RNA was enhanced, while the level of the corresponding RNA from the 113-GL-59 and 59-GL-113 antigenomes remained relatively constant. The enhanced signal obtained with the replication-competent 113-GL-113 antigenome probably reflects the sum of primary T7 pol-derived RNA synthesis and synthesis of RNA that results from the multiple rounds of genome replication by the SV5 polymerase. Most important, the 59-GL-113 primary RNA transcript contains at the 5Ј end the same truncation of SV5-specific terminal bases as is found at the 3Ј end of the replication-defective 113-GL-59 antigenome (Fig. 3) , and the 59-GL-113 antigenome was encapsidated at levels equivalent to those for the constructs containing the full 113 nucleotides at the 5Ј end of the primary transcript. These data indicate that the low replication of SV5-GL antigenomes lacking CRII sequences cannot be accounted for by significant defects in encapsidation of the T7 pol-derived RNA.
Replication of chimeric DI RNAs containing exchanges between HPIV2 and SV5 antigenomic 3-terminal sequences. A comparison of SV5 and HPIV2 3Ј-terminal antigenomic sequences showed a significant degree of sequence identity in CRI (89% over bases 1 to 19) and CRII (83% over bases 73 to 90), whereas the sequence of the intervening region is less well conserved (40% over bases 20 to 72 [ Fig. 2]) . A plasmid encoding an 840-base chimeric DI RNA was constructed to determine if the HPIV2 antigenomic 3Ј end, containing the HPIV2 CRI and CRII sequences, could direct DI RNA replication by the SV5 polymerase. In DI-SSP, 113 3Ј-terminal bases of the SV5 antigenome were replaced by 98 bases from the corresponding region of the HPIV2 antigenome (Fig. 6A) . A549 cells infected with vTF7.3 were cotransfected with the L, P, and NP plasmids along with DNA encoding DI852 (SSS) or DI-SSP. As shown in Fig. 6B , RNA from cells transfected with plasmid encoding DI-SSP contained a major RNA species with an electrophoretic mobility closely matching that of DI852 (lanes 1 and 2) . The level of replication for the SV5-HPIV2 chimeric DI RNA was similar to (76% of) that of WT DI852. As with DI852, DI-SSP RNA synthesis was dependent on cotransfection of the SV5 L, P, and NP plasmids (Fig. 6B, lanes  3 to 5, respectively) .
As shown in Fig. 6C for the chimeric DI-PSS antigenome, the terminal 98 HPIV2-specific bases were also capable of functioning in replication when positioned at the 5Ј end of the viral antigenome (lane 3), and replication levels typically matched that found for the WT DI852 DI RNA (quantitation listed in Fig. 6A ). Most importantly, DI RNA replication was reduced ϳ20-fold in the case of a truncated SV5-HPIV2 chimera (DI-SSPt [ Fig. 6A] ) that lacked the HPIV2 CRII sequences between antigenome bases 72 and 90 (Fig. 6C, lane 4) . Together, these results indicate that the 3Ј-terminal 98 bases of the HPIV2 antigenomic RNA can direct encapsidation and replication by the SV5 polymerase components, and RNA replication is dependent on a region of the antigenome that includes HPIV2 CRII sequences. The extent of complementarity between the termini of DI RNAs has been proposed as a factor that can influence the level of replication for vesicular stomatitis virus (VSV) (46) . The results presented above suggest that the extent of terminal complementarity is not a major factor in SV5 RNA replication, since the SV5-HPIV2 chimera replicated efficiently despite having continuous terminal complementarity reduced from 113 (in DI852) to 13 bases.
Spacing between CRII and the 3 terminus of the SV5 antigenome is important for efficient replication of SV5-GL DI RNA analogs. The SV5 and HPIV2 antigenomic termini have FIG. 5 . Encapsidation of replication-defective SV5-GL antigenomes that contain truncated terminal regions. vTF7.3-infected A549 cells were cotransfected with plasmids encoding the SV5 P and NP proteins and the indicated SV5-GL RNA antigenome (113-GL-113, 113-GL-59, or 59-GL-113) in the presence (ϩ) or absence (Ϫ) of the L plasmid. Cell lysates were prepared and analyzed by CsCl density gradient centrifugation. Samples recovered from the 30% CsCl fraction of the gradient were analyzed by Northern blotting using a GL-specific 32 P-labeled riboprobe complementary to the T7 pol-derived transcript. Genome-length RNA (genome) and a species that corresponds to transcripts with an uncleaved HDV ribozyme (arrowhead) are indicated. significant sequence identity in CRI and CRII but differ considerably in the intervening region, suggesting that intervening sequences are not critical for replication. To determine the role of sequences between CRI and CRII in SV5 RNA replication, a series of DI RNA analogs was constructed to contain alterations in 3Ј antigenomic bases 21 to 44, maintaining an overall 6N-length RNA (26) .
A BamHI restriction site was engineered into 3Ј-terminal bases 39 to 44 of pDI113-GL-90 DNA to facilitate the construction of altered DI analogs. When analyzed in the DI replication assay, the 113-GL-90B DI RNA analog replicated to levels that closely matched that of the WT antigenome (Fig.  7B, lanes 1 and 2) , suggesting that the sequence at this position of the 3Ј-terminal region was not critical for SV5 RNA synthesis. Additional SV5-GL DI RNA analogs were constructed to contain 5Ј-to-3Ј progressive 6-, 12-, and 18-nucleotide deletions of antigenomic RNA bases 38 to 21 (113-GL-90B⌬6, -⌬12, and -⌬18). RNA synthesis from the ⌬6 antigenome analog was reduced ϳ25-fold compared to the 113-GL-90B RNA (Fig. 7B, lanes 2 and 4; quantitation in Fig. 7A) , and replication products from the ⌬12 and ⌬18 antigenomes were not detected (Fig. 7B, lanes 5 and 6) . In the example shown in Fig.  7B , the film was purposely overexposed to illustrate the low level of replication seen in the case of the ⌬6 antigenome analog. Likewise, antigenomes containing an insertion of 6 or 12 bases between SV5 antigenomic nucleotides 38 and 39 were defective for replication (Fig. 7B, lanes 7 and 8) , and the level of RNA synthesized from these antigenomes was not above that detected in control samples from transfected cells in which the L protein plasmid had been omitted (lane 3).
The reduced replication of the above-described deletion/ insertion mutants could result from removal or disruption of an important cis-acting viral sequence or could reflect a change in spacing between the CRI and CRII sequences. To distinguish between these possibilities, nonviral nucleotides were inserted in place of the bases that had been previously deleted in the case of the ⌬12 and ⌬18 antigenomes, and these replacements restored the overall length of the CRI-CRII intervening region (replacement mutants 113-GL-90BRe12 and -Re18). Length-compensating insertions of 12 (Fig. 7C, lane 2) or 18 (lane 3) nonviral bases restored RNA replication to levels that were equivalent to that of the parental 113-GL-90B antigenome (lane 1). Further extending the mutagenesis to include a replacement of bases 20 to 14 resulted in a ϳ6-fold reduction in RNA replication (Fig. 7C, lane 4) , consistent with the proposed role for CRI sequences in SV5 RNA synthesis. Together, these data indicate that the dramatic loss in replication of deletion mutants ⌬6, ⌬12, and ⌬18 was due to changes in the spacing between important antigenomic promoter elements and was not due to disruption of a specific sequence requirement per se in this segment.
DISCUSSION
Paramyxovirus DI RNAs have proven to be useful models for the analysis of cis-acting sequences that are necessary for replication of the viral genome. For the paramyxoviruses that have been examined to date, all naturally occurring copyback DI RNAs retain ϳ95 bases or more of terminal complementarity (21, 23, 39, 42) , suggesting that this length may be at the lower limit of a functional antigenomic replication promoter. The identification of an important cis-acting sequence located between 3Ј-terminal bases 73 and 90 of the SV5 antigenome provides a possible explanation for the observed ϳ90-base minimal extent of terminal complementarity found for paramyxovirus copyback DI RNAs. In support of this possibility, replication of a foreign gene by paramyxovirus cis-acting sequences has been reported for SeV (29) , MeV (43), RSV (9), HPIV3 (11, 12) , and SV5 (Fig. 3) , and in each case, these viral genome analogs retained at least 90 bases from the 3Ј terminus of the antigenome.
Sequence alignment identified two conserved regions (CRI and CRII) in the 3Ј-terminal 90 bases of the Rubulavirus antigenomic RNA, and deletions (CRII) or substitutions (CRI) in these sequences reduced SV5 RNA replication. Several lines of evidence support the proposal that these two important cis-acting elements are separated by sequences that function as a spacer region. First, the sequence of the region located between CRI and CRII is not well conserved between the rubulaviruses SV5 and HPIV2. Nevertheless, a 3Ј-terminal RNA segment containing the HPIV2 CRII-intervening region-CRI sequence was capable of directing efficient RNA synthesis by the SV5 polymerase components. These results indicate that while the extent of continuous 3Ј-terminal complementarity in a rubulavirus genome is not a major factor determining the efficiency of RNA replication, the presence of CRI and CRII sequences is essential. Second, the 3Ј-proximal half of the intervening region located between SV5 CRI and CRII can be replaced by nonviral sequences without compromising RNA replication. Finally, SV5 RNA replication was inhibited by changes of as little as six bases in the length of intervening sequence between CRII and the 3Ј terminus, consistent with the proposal that the relative spacing of CRII and CRI is an important feature of the SV5 antigenomic promoter. By contrast, a previous analysis of cis-acting sequences in the le-NP region of the SeV genome showed that six-base insertions at position 47 or 67 of the genomic RNA did not inhibit SeV DI RNA synthesis, but SeV genomes containing 12-base insertions in this region were defective for replication (35) . The previous studies and those reported here are not directly comparable since they involved analyses of the genomic (for SeV) and antigenomic (SV5) 3Ј termini for these two viruses. Nevertheless, it is possible that the requirement during replication for proper spacing of essential discontinuous cis-acting elements may be a general feature of paramyxovirus promoter function. Further replacement mutagenesis will be required to more precisely map the boundaries of these cis-acting sequences, but these results suggest that the overall length of the segment located 21 to 44 nucleotides from the 3Ј end of the antigenome between CRI and CRII, and not the particular sequence per se, may be the most important function of this region during paramyxovirus RNA replication.
The role that SV5 antigenomic CRI and CRII sequences play in RNA replication is not known. During paramyxovirus replication, RNA encapsidation by NP is tightly coupled to RNA synthesis (20, 24) , and it is possible that one or both of these regions can function as a nucleation site to initiate NP encapsidation on the nascent RNA. In the case of VSV, previous in vitro work using purified le RNA (3) or synthetic VSV RNAs (25) indicated that signals for encapsidation are located very near the terminus of the viral RNA, but similar studies on NP-mediated encapsidation of paramyxovirus RNAs have not been reported. A deletion of CRII sequences did not compromise the ability of T7 pol-derived SV5-GL antigenomic RNA to be encapsidated in vivo, even when the deletion was engineered into the 5Ј region of the antigenome. While this result indicates that CRII sequences are not involved in NP encapsidation of the T7 pol-derived RNA, it is unclear if this also applies to the steps in NP encapsidation of nascent RNA synthesized by the viral polymerase.
A possible alternative role for SV5 CRI and CRII in RNA replication is suggested by the proposed structure of the SeV NC which was previously derived from electron micrograph images. The SeV NC is thought to exist as a left-handed helix containing an average of 13 NP molecules per turn, and each NP molecule appears to bind six nucleotides (13) . Assuming that the SV5 NC structure has these same properties (8, 10 ), a hypothetical model for the structure of the 3Ј terminus of the SV5 antigenome which is consistent with the results of the mutational analysis described here can be proposed. Figure 8 depicts the nucleotide sequence of the 3Ј-terminal 113 bases of the SV5 antigenome placed in the context of ovals, each of which represents one NP molecule binding to six viral nucleotides, and 13 NP subunits are shown bound to a total of 78 bases (6 times 13) through one turn of a left-handed helix. While speculative, this postulated structure illustrates the positioning of CRI (bases 1 to 19) and CRII (bases 73 to 90) along the same face of the helical NC (Fig. 8) . Defects in the replication of antigenomes containing deletions of bases between CRI and CRII can be corrected by compensating insertions of non-SV5 sequences, and these results are consistent with the proposal that RNA synthesis is sensitive to changes in the spatial alignment of CRI and CRII from their optimal position along one face of the helical NC.
It is possible that the alignment of SV5 antigenomic CRI and CRII sequences creates a site for polymerase binding. Pelet et al. (35) have suggested that the SeV polymerase initiates viral RNA synthesis by interacting with at least two separate regions of the genomic promoter that may be contained within one turn of the helical NC. Genome replication for many RNA viruses, including brome mosaic virus (38) , flock house virus (2), bacteriophage Q␤ (5), and yeast L-A virus (15) , requires discontinuous portions of the viral RNA that are located internal to the 3Ј terminus. The influenza virus polymerase has been shown to bind to the 5Ј-terminal end of the viral RNA (45) , and both 5Ј-and 3Ј-terminal regions are required for polymerase activity (17) . It has been proposed that the internal or 5Ј-terminal sequences in these viral RNAs may function in the assembly or positioning of the polymerase during the initiation of RNA synthesis, and the alignment of SV5 CRI and CRII along one face of the helical NC may serve a similar function.
The model depicted in Fig. 8 has implications for our understanding of the requirement (6) or the preference (26) for efficient replication of paramyxovirus genomes having an overall 6N length. The rule of six is thought to operate at the level of initiation of RNA synthesis (35) , and it is proposed that the 3Ј end of the viral RNA may be recognized by the polymerase complex most efficiently when it is precisely assembled with NP and no additional nucleotides protrude from the 3Ј end of the NC (6). However, an additional or alternative aspect of the rule of six may be the relative positioning of a particular base within the hexamer of nucleotides bound by an NP molecule as proposed by Pelet et al. (35) . As such, non-6N-length alterations distal to the 3Ј-terminal region of the genomic and antigenomic RNAs may decrease replication by shifting the relative positions of critical bases within the context of an NP monomer. As shown in Fig. 8 , a conserved 5Ј-CGR trinucleotide is found in the 5Ј-proximal position of each of the SV5 NP-bound hexamers that compose CRII. Preliminary results indicate that substitutions in these trinucleotides result in SV5 RNA analogs that are defective in replication (26a), but it is unclear whether this sequence requirement also involves a position-specific requirement for these nucleotides within an NP monomer.
Sequences analogous to the SV5 CRII cis-acting element may be located in the 3Ј-terminal region of other paramyxovirus antigenomic RNAs. Previous sequence comparisons of several paramyxoviruses, including SeV, HPIV3, and MeV (4), have identified a conserved sequence located 75 to 95 bases from the end of the RNA (BB box) that is found in the 3Ј end of the L protein gene on the antigenome and in the complement of the 5Ј end of the NP gene on the genome. However, the nucleotide sequence of the BB box (4) is not closely related to the rubulavirus CRII identified here and, while CRII is clearly essential for RNA synthesis by the SV5 polymerase, the importance of the BB box sequences to RNA replication for these other paramyxoviruses has not been reported.
The results from the analysis of the SV5 antigenomic promoter reported here differ from those reported recently for the prototypic rhabdovirus VSV (22, 33) . Using a reverse genetics system, Li and Pattnaik (22) have identified two regions within the 3Ј-terminal 45 nucleotides of the VSV antigenome that affect copyback DI RNA replication: an essential region I (the 3Ј-terminal bases 1 to 24) that is sufficient to direct RNA replication and a nonessential region II (bases 25 to 45) that is proposed to play an "enhancer-like" function. By contrast, SV5 CRI and CRII are spaced further apart (within 90 bases) than the corresponding domains in the VSV antigenome (within 45 bases), and a sequence element within CRII as well as proper spacing between CRII and the 3Ј terminus are critical factors that influence SV5 RNA replication. It is proposed that the presence of this replication-enhancing sequence in the VSV antigenomic 3Ј end may be responsible for a higher level of RNA synthesized from the antigenomic than from the genomic promoter (22) . Sequence alignments of the SV5 le and trЈ regions revealed that CRI and CRII are present in the 3Ј termini of both the SV5 antigenomic and genomic RNAs. It remains to be determined if differences between the SV5 antigenomic and genomic CRII sequences are a factor that in- fluences the level of RNA synthesized from these two promoter regions.
